Abstract-Implanted antennas for implant-to-air data communications must be composed of material compatible with biological tissues. We design single and dual-polarization antennas for wireless ultra-wideband neural recording systems using an inhomogeneous multi-layer model of the human head. Antennas made from flexible materials are more easily adapted to implantation; we investigate both flexible and rigid materials and examine performance trade-offs. The proposed antennas are designed to operate in a frequency range of 2-11 GHz (having below ) covering both the 2.45 GHz (ISM) band and the 3.1-10.6 GHz UWB band. Measurements confirm simulation results showing flexible antennas have little performance degradation due to bending effects (in terms of impedance matching). Our miniaturized flexible antennas are and for singleand dual-polarizations, respectively. Finally, a comparison is made of four implantable antennas covering the 2-11 GHz range: 1) rigid, single polarization, 2) rigid, dual polarization, 3) flexible, single polarization and 4) flexible, dual polarization. In all cases a rigid antenna is used outside the body, with an appropriate polarization. Several advantages were confirmed for dual polarization antennas: 1) smaller size, 2) lower sensitivity to angular misalignments, and 3) higher fidelity.
Flexible, Polarization-Diverse UWB Antennas for Implantable Neural Recording Systems
I. INTRODUCTION
T HERE is growing demand for implant-to-air wireless links to extract the neural activity data gathered from implanted monitoring systems [1] - [7] . Fig. 1 illustrates a neural recording application that requires a wireless link to transmit telemetry data between the implanted device and an external controller. In this application, an energy efficient and high-capacity link is required when several reading electrodes are interfaced to the brain. Ultra-wideband (UWB) and 2.45 GHz ISM signals are transmitted in the unlicensed Federal Communications Commission (FCC) approved frequency ranges Fig. 1 . Overview of implanted neural recording systems, applications and multi-layer model of the human head tissues used for designing the implanted antenna [18] . of 3.1-10.6 GHz and 2.4-2.5 GHz respectively. UWB offers several advantages over the conventional narrowband systems such as higher bit-rates, lower power consumption, smaller antennas, and less complexity on the transmitter side [5] - [7] . We design antennas supporting both 1) UWB signals for the high-bit-rate back telemetry link [7] of the neural recording sensor data and 2) 2.45GHz signals for low-bit-rate forward link [7] of control/stimulus signals.
Miniature antennas surrounded by biological tissues have a very different radiation pattern and return loss compared to those in free-space [8] - [11] . The characteristic impedances of biological tissues vary considerably, so careful antenna impedance matching is required. Return loss must be calculated in the presence of biological tissues around the antenna [8] - [11] . Additionally the brain tissues are physically sensitive in nature and flexible antennas, being more supple and more easily introduced into surrounding tissue, are highly suitable for use in implanted systems [12] , [13] . Different wearable flexible antennas have been designed taking into account the effects of biological tissues [14] , [15] . In [12] , [13] , different types of flexible implanted antennas were designed for the ISM and Med-Radio bands. To our knowledge, all reported implanted microstrip UWB antennas are rigid.
In our previous work, we designed a rigid single-polarization UWB microstrip antenna for neural recording systems [16] - [18] . Single-polarization antennas performance degrades in the presence of angular misalignment between TX and RX antennas, which dual-polarization antennas can correct [19] - [22] . Most narrowband flexible implanted antennas reported in the literature are single-polarization [12] , [13] . Implantable antenna with flexible substrates to be placed inside the head must be biocompatible, and as thin and as soft as possible. In [23] , [24] , a type of Kapton polyimide substrate showed these features.
In this work, we employed the same substrate as used in [23] , [24] . The copper (antenna) on this substrate is covered by an identical layer of polyimide as is the superstrate. In Section II, we present the simulated dielectric tissues used as the human head model. In Section III we describe the antenna design methodology. Section IV presents simulation and measurement results. Performances of different antennas were measured in realistic conditions by placing the antennas in fresh brain and bone tissues of a sheep, as well as fat and skin from a chicken. Reported simulation results closely match our measurements. Section V compares the flexible and rigid, singleand dual-polarization antennas in terms of 1) average specific absorption rate (ASAR), 2) power efficiency, 3) fidelity, and 4) a figure-of-merit (FoM) defined in Section V. Finally, conclusions are drawn in Section VI.
II. MODELING AND METHODOLOGY
The propagation behavior of miniature antennas surrounded by biological tissues differs greatly from those in free-space due to the electrical characteristics of biological tissues [16] , [17] . Antennas design must take into account the effects of multiple layers of biological tissues surrounding the wireless neural monitoring systems. The disparate conductivity and dielectric constants of each tissue leads to complex RF interactions. The thickness and electrical properties of each biological tissue layer impact the overall antenna performance of the system (propagation behavior and impedance matching) [16] - [18] . Each biological tissue is modeled as a dispersive dielectric medium using three electrical parameters: relative permittivity, loss tangent and mass density. The inhomogeneous environment [25] compiled from multiple layers is modeled in HFSS software using stacked homogeneous layers.
The frequency-dependent relative permittivity and loss tangent of the biological tissues are provided in [26] for the entire 2-11 GHz band. The loss tangent quantifies inherent dissipation of electromagnetic wave in a dielectric. The mass density for different tissues (tissue mass per volume unit) is reported in [27] ; this parameter is needed for calculating average specific absorption rate (ASAR) within HFSS. The multi-layer model [28] used to design the antennas includes brain matter, cerebro-spinal fluid (CSF), Dura, bone (skull), fat, and skin, as shown in Fig. 1 . Antenna design for implanted medical devices should favor the broadside directivity [16] - [18] , as RF signals below the TX antenna are not useful for communications, and indeed must be attenuated as much as possible to avoid tissue damage to highly sensitive brain cells.
In order to achieve the maximum coupling between TX and RX antennas, 1) their reflection coefficients must be kept below (in order to have acceptable matching with a impedance), 2) the implanted TX antenna near-field radiation pattern must be directed towards its broadside, and 3) the RX antenna must be positioned at the intensity peak of the radiated EM field (outside the biological tissue). Our first step is designing a transmission line connected to the antenna propagator, while taking into account the effect of biological tissues. The next step is finding initial dimensions of the propagator to meet required specifications (i.e., below for both TX and RX antennas and near-field directive radiation towards the broadside of the TX antenna) at a single frequency. Next, the propagator dimensions are optimized to extend the antenna bandwidth to achieve the bandwidth of interest. Details of design are given in the next section.
HFSS provides a three-dimensional numerical solution for the electric field intensity in all tissues. A planar cross section (Z-Y plane) of the intensity is plotted in Fig. 2 ; the color bar shows maximum intensity in red and minimal values in blue. Each contour in the plot has E-field with a given phase, and the color along the contour changes to reflect the amplitude (referenced to a hypothetical 1 W transmitter). Note that the scale does not indicate levels for safety. Safe levels of intensity are discussed in Section V. Dense contours indicate rapidly changing E-field. We used 180,000 meshes to solve our model. Fig. 2 is illustrating the EM propagation behavior and best placement for the RX antenna. The notation along the far right of the figure indicates the border between the head tissue section and free space. This plot allows us to visualize three important aspects of the EM propagation: 1) the highest intensity of E-field and the highest RF energy absorption of head tissues (maximum ASAR), both close to the implanted antenna, 2) the transition of propagation behavior of EM waves from near-field to far-field regions for the TX antenna, and 3) the optimal location for the RX antenna outside the head.
The near field is usually subdivided into two regions: a) the reactive region, and b) the Fresnel region. In the Fresnel region, the angular distribution of the electrical intensity is directive, but varying with distance. In the reactive near-field, the electrical intensity is more spread out and nearly uniform, with slight variations [19] . The thick dashed black curve in Fig. 2 is an approximate border between the reactive near-field and Fresnel regions based on the emerging directionality of the radiation intensity [19] . The red dashed curve in Fig. 2 indicates the region where the RX antenna will receive the strongest signal. Placing the RX antenna in this region (near-field) allows to transmit an RF signal small enough to avoid tissue damage, but strong enough for reliable wireless communications.
III. ANTENNA DESIGN Implantable ultra-wideband antennas are subject to constraints that make their design difficult. These constraints, among others, are: 1) small footprint, 2) biocompatibility, 3) high bandwidth, and 4) flexible substrate (to avoid tissue damage). Planar monopole (single-polarization) antennas have the potential to meet these constraints for implanted biomedical systems [16] - [18] , and [29] . However, angular misalignment between these antennas degrades the received signals heavily. In order to alleviate this problem, dual-polarization TX and RX antennas can be used [19] - [22] . Recently rigid single-arm spiral antennas have been used for capsule endoscopy, body area networks and implantable neural recording systems [7] , [30] , and [31] . The antennas presented in [30] , [31] are narrowband and operate at frequencies lower than those of UWB communications. These antennas were also rigid. The rigid antenna in [7] was designed without considering the biological tissue effects. In this study we designed four types of TX antennas, two implanted single-polarization antennas (flexible and rigid) and two dual-polarization antennas (flexible and rigid). Two external single-and dual-polarization antennas were designed as RX antennas.
Our signal-polarization and dual-polarization antennas are realized as monopole microstrip and single-arm spiral antennas respectively and are covered with a biocompatible material (Kapton polyimide). For all antennas, the feed circuit is a coplanar waveguide transmission line (CPW) having impedance over the 2-11 GHz frequency range. We have chosen the CPW since its integration into the system, i.e., wire-bonding to the implantable chip, is convenient and straightforward. Dimensions of the CPW transmission line are designed respecting the electrical properties of its substrate as well as those of the surrounding biological tissues.
We use 0.1 mm Kapton polyimide as the biocompatible substrate for the flexible antennas. The rigid antennas have an substrate with a thickness of 0.7 mm. The relative permittivity of Kapton polyimide and is 3.5 and 9.2 respectively. For both antennas, a superstrate layer identical to their substrate layers covers the metal antenna traces. This superstrate layer completely isolated the antenna from the biological tissues making the antennas fully biocompatible.
The RX antennas, located outside the head, are less constrained in size and flexibility, so the design process is less complicated. Our RX antennas are fabricated on a FR4 substrate (relative permittivity 4.4). RX antennas have the same structure as TX antennas, however, since they do not need to be biocompatible, they do not have the superstrate layer and they are slightly larger. A summary of our simulation in HFSS is presented in appendix II.
A. Single-Polarization Antennas
We proposed a monopole antenna that was optimized for implanted biomedical applications with a rigid substrate [16] - [18] . In this work, we revisited that design by incorporating a flexible substrate more suitable for neural implantation. We modified the transmission line dimensions for the TX and RX antennas to accommodate the new substrate and/or superstrate that are appropriate.
The second step of designing the antenna is designing the propagator. In single-polarization antennas, most of the induced current on the antenna surface is aligned with a single coordinate axis; this induced current is maximized in propagators with a rectangular shape planar propagator. Design starts with a rectangle, however, as the rectangular propagator is much wider than the transmission line, the return loss tends to be narrowband. We therefore taper the propagator to couple to the transmission line with the widest possible bandwidth [16] - [18] . Fig. 3(a) and (b) show the induced current on the implanted (TX) antennas and external (RX) antenna. From this figure, we can see that most of the induced current on the surface of the antennas is aligned with the Y direction.
It has been shown that truncating the transmission line ground plane into a staircase shape results in better return loss [16] - [18] . By optimizing the width and the length of the staircase, we can reach the desired return loss in our frequency range of interest. In conclusion, to achieve: 1) below (for both TX and RX antennas), and 2) a near-field electrical field intensity directed towards the broadside of the TX antenna (see Fig. 2 ), we have optimized the physical dimensions of the antenna.
B. Dual-Polarization Antennas
Single-polarization antennas suffer from angular misalignment [19] - [22] , which can be overcome using dual-polarization antennas. We design two implanted dual-polarization flexible and rigid TX antennas and one rigid dual-polarization external RX antenna. As in the previous section, the first step of design is tuning the CPW transmission line to have a impedance in the frequency range of interest. We incorporate a spiral propagator structure that induces a current equally on the antenna in both the horizontal and the vertical axes. The spiral structure of the propagator consists of several rectangle-shaped pieces of copper placed on the X and the Y axes with shared current.
To have equal radiated power in the X and Y directions, the total length of the rectangles in each direction must be equal. We achieve a below in the frequency range of interest (2-11 GHz) by matching the spiral propagator to the transmission line. To improve bandwidth (while keeping it below ), the width of each rectangle in the spiral propagator is tuned. We placed the rectangular shapes as close as possible to decrease the antenna size.
During optimization of the antenna dimensions, the maximum near-field radiation intensity is checked to assure it is directed towards the broadside over the desired frequency range. Fig. 3(c) and (d) show the induced current on implanted (TX) and external (RX) antennas. The current is distributed almost equally in the X and Y directions.
We examine the axial ratio, i.e., the ratio of orthogonal components of an E-field. To calculate the axial ratio , a single polarization antenna is needed to capture in the X direction (representative of ) and in the Y direction (representative of ) of the antenna of interest. For the implanted flexible TX dual polarization antenna, the external RX single polarization antenna is used. To calculate the axial ratio of the RX dual polarization antenna, the implanted flexible TX single polarization antenna is utilized.
The simulated axial ratio is shown in Fig. 4 . Every attempt was made to orient antennas for maximum coupling and least insertion loss in the simulation. Because the implanted antenna is roughly three times smaller than the external antenna and the TX and RX antennas are very close to each other, Fig. 4 is our best approximation of the axial ratio.
IV. SIMULATION AND MEASUREMENT OF S-PARAMETERS

A. Measurement Setup
In order to verify our simulation results, we fabricated six antennas on different PCBs (flexible and rigid). Table I summarizes the properties of the fabricated antennas. Two of the antennas are receiver antennas (single-and dual-polarization) and the other four are the implanted transmitter antennas. A SMA connector connects the antenna to the measurement equipment. We used the following animal tissues: skin (0.5 mm), fat (0.5 mm), bone (3 mm), CSF (0.5 mm), Dura (0.5 mm) and brain (30 mm), thicknesses chosen to mimic typical human head tissues [28] . The and of the antennas are measured using a HP-8722ES network analyzer from 2 to 11 GHz. Fig. 5 shows the block diagram and setup used for antenna S-parameter measurements. For characterizing the flexible and rigid single-polarization TX antennas, the single-polarization RX antenna is used. For the dual-polarization TX antennas, the dual-polarization RX antenna is used. To show that the dual-polarization antennas are not sensitive to angular misalignment, we fixed the implanted TX antennas and rotated the RX antennas to three different angles (0, 45 and 90 degrees) which are illustrated in Fig. 6 . results show good impedance matching ( below ) across the 2-11 GHz frequency range. From a practical point of view, the discrepancies between the simulation and measurement of results are not important as long as remains below . Fig. 7 (a) and (b) clearly show that simulated acceptably predicts the behavior of the antennas in measurements (below ). Contrary to , the frequency behavior of is important since it is the wireless channel frequency response. Fig. 7 (c) and d present simulation and measurement results of (amplitude) for the antennas. For all antennas the simulation and measurement results follow the same trend.
B. Flexible Single-and Dual-Polarization Antennas
For both polarizations, HFSS simulations and experimental results agree. Sources of small differences between the measured and the simulation results can be attributed to: 1) inevitable deviations of electrical parameters of the test setup from the simulated model because of animal age, temperature, time passed since animal death, etc. [32] , [33] , 2) parasitic effects caused by soldering the SMA connector to the PCB and PCB fabrication error, 3) uncertainty in reported electrical parameters in the literature [34] , and 4) residual error in HFSS numerical solutions. Despite these issues and inaccuracies, the HFSS simulations predict the antenna performance well.
The lower values at lower frequencies indicate that the body has lower loss at these frequencies. This frequency band should be exploited for implant-to-air communications. As shown in Fig. 7 (c) and (d), when the RX antenna is rotated the dual-polarization antennas have almost the same insertion loss.
C. Comparing Flexible and Rigid Antennas
Finally, Fig. 8 presents measurements demonstrating that there is no significant compromise in performance due to the use of a flexible substrate. Antennas are designed as described in Section III to the same performance targets and are implemented on both flexible and rigid substrates. In total four antennas are fabricated as both single and dual polarization are investigated. In Fig. 8(a) , we see almost indistinguishable performance for all four antennas, all of which achieve our goal for below in the 2-11 GHz frequency range. The measured group delay in Fig. 8(b) shows that the flexible dual-polarization antenna exhibits the best performance of the four antennas, introducing little pulse distortion across the entire UWB frequency band. In conclusion, flexible and rigid antennas have similar efficiency, while in our opinion, flexible antennas are likely to offer less risk of tissues damage.
V. NEAR-FIELD CHARACTERISTICS OF ANTENNAS
In near-field communications, the close proximity of the transmitter and receiver antennas leads to high mutual coupling between the antennas. Transmission loss is therefore not independent of the antenna effects [16] - [18] . In this section, we discuss the efficiency of antennas from a near-field link viewpoint. We find the ASAR and the received power when a specific signal is transmitted for each implanted antenna. Furthermore, we define fidelity and a figure-of-merit (FoM) for the near-field link.
A. Specific Absorption Rate (ASAR)
ASAR (Average Specific Absorption Rate) describes the electromagnetic energy that is absorbed in biological tissues and is a critical parameter for assessing the tissue-safety of implant-to-air wireless communications. The peak 1-g ASAR spatial distribution versus frequency is simulated in HFSS Table II . ANSI limitations for a maximum peak 1-g ASAR of 1.6 W/kg [35] translates into different average radiated power for each antenna: 5 mW for single-polarization flexible and rigid implanted antennas, 5.7 mW for flexible dual-polarization antennas, and 3.9 mW for rigid dual-polarization antennas. Sending more power can damage the biological tissues. Fig. 9 shows that most of the radiated power is absorbed by the brain for single-polarization and by the Dura for dual-polarization antennas.
B. Power Efficiency
Both ASAR limitations on tissue damage and FCC limitations on maximum transmitted power lead to challenging reception of UWB signals [18] . The pulse selected for transmission will influence the power efficiency. We investigate via simulation the anticipated received power when our antenna is used with a common UWB pulse shape. The excitation pulse is shown in Fig. 10(a) ; it consists of a Gaussian-modulated sinusoidal waveform mathematically described by [36] (1) where , and . This pulse has a temporal width of 0.6 ns and its frequency spectrum is centered at 6.5 GHz with a bandwidth from 2 to 11 GHz [ Fig. 10(b) ].
MATLAB™ was used to characterize the performance of the near-field link using the measured S-parameters of each TX and RX antenna-pair. Simulation results include the reflected power, received power and the dissipated power. To calculate the reflected signal, the spectrum of the pulse is multiplied by ; for the received signal, the spectrum of the pulse is multiplied by . Table II shows the portion of the total power that is reflected from the TX antennas and received power (power efficiency) by the RX antennas. This table also shows the amount of power dissipated in the antenna and the environment. It can be seen that the antenna reflected power is relatively low and most power is propagated. Received power is low; we note, however, that these results depend on the excitation waveforms and their spectrums, which can be optimized. 
C. Fidelity Factor of the Near-Field Links
System performance is optimized when the received waveform is a replicate of the transmitted waveform with no distortion. Simple design goals for amplitude and group delay attempt to minimize the distortion. Unlike narrowband antennas, UWB antennas can significantly alter transmitted pulses, due to considerably different behavior across the wide frequency band [37] , [38] . The antenna fidelity factor (in the far-field) captures the similarity between the ideal expected output waveform of an antenna and the actual radiated waveform. The antenna is assumed to introduce one of three effects (replication, integration or derivation), which we refer to as the antenna effect, that is incidental to the design process. For a given pulse shape, the result of an ideal antenna effect acting on that pulse shape is different from the actual radiated waveform. The fidelity factor is defined as the maximum cross-correlation between the ideal and the actual radiated waveforms when both waveforms are normalized by their energies [36] - [39] . Fidelity varies between zero and one, with one showing the minimum and zero showing the maximum distortion introduced by the antenna.
The impact of UWB transmit antenna geometry, material, current mode and transmitter impedance interact to a combined effect that might introduces integration or derivation instead of simple replication [37] , [38] . More importantly, the TX antenna can interact with other system components (exciting pulse shape, communications channel, and receive antenna geometry, material, etc.) to have an overall effect which we call the link effect. This behavior can be particularly influenced by operation in the near-field. We define a fidelity factor for near-field applications. Unlike the far-field definition of fidelity, our near-field definition considers the effect of the TX antenna, the radiation medium (the biological tissues) and the receiver antenna characteristics. Let be the received pulse for an ideal link effect (which we assume takes one of three forms of replication, integration or derivation) for a given excitation pulse shape. Let be the actual received waveform for that excitation pulse shape. The near-field fidelity is defined as the following assuming and have normalized energies
We examined the four transmit antennas we designed (dual/ single polarization, rigid/flexible substrate) and determined the link effect for each for the near-field biological channel. As indicated in Table II , we found the single polarization, flexible substrate antenna and the dual polarization, rigid substrate antennas formed a system that replicated the transmitted signal without integration or derivation. The other two antennas formed a link whose overall effect was integration. In Fig. 11 we plot (solid lines) and (dotted lines) for each of the four transmit antennas. We derive by calculating the inverse Fourier transform of the multiplication of the pulse spectrum of (1) by the measured of the antenna pairs. In two cases the link effect is to replicate the input transmit signal, whereas the other two integrate the input transmit signal. The fidelity factors calculated from (2) are given in Table II , showing dual-polarization antennas perform better than single-polarization antennas. In sum, the dual-polarization antennas have three advantages in comparison with the single-polarization antennas: 1) smaller size, 2) lower sensitivity to angular misalignments, and 3) higher fidelity.
D. Figure of Merit (FoM)
To compare the designed antennas in near-field applications, we propose a figure of merit (FoM). Our FoM is based on parameters that play an important role in the performance of the near-field wireless links: 1) : power efficiency (%) , 2) : TX antenna area (RX antenna is much larger than TX antenna and changing its size does not change the link performance when it is close to a small antenna), 3) : the distance between the RX and TX antennas which in this work is , 4) : maximum allowable transmitted power (mW) (according to ANSI limitations), and 5) : fidelity factor. The FoM is defined as (3) In Table II , FoM is calculated for the four designed links with different polarizations. The results show that the dual-polarization antennas have a higher FoM. As a result, this type of antenna is the best candidate for neural recording application.
E. Bending Effect
Given the size of antennas and the natural curvature of the head, at most 10 degrees of bending would be encountered in vivo. To stress our design, we examined impairments with 30 degrees of bending of the implanted antenna. The behavior for dual polarization. Finally, ASAR considerations would lead to the maximum transmit power of 5 mW reduced to 1.3 mW for single polarization, and 5.7 mW reduced to 1.5 mW for dual polarization. Bending would lead to some impairment, though parameters are still acceptable even in the extreme 30 degrees case.
VI. CONCLUSION
We presented a methodology for designing implanted singleand dual-polarization antennas on a flexible substrate for neural recording systems operating over two frequency bands (ISM and UWB). We compared single and dual polarization antennas on both rigid and flexible substrates. We found that no significant performance reduction was incurred in moving to flexible substrates that are better adapted to neurological implants. Several advantages were uncovered for dual polarization antennas: 1) smaller size, 2) lower sensitivity to angular misalignments, and 3) higher fidelity.
In near-field implant-to-air biomedical applications, the TX and RX antennas and the biological tissues between them cannot be treated separately and need to be simulated holistically. All our simulations were carried out in HFSS by exploiting an inhomogeneous, multi-layer model of biological tissues. To verify the validity of our model and the antenna design procedure, ex vivo measurements were made using fresh brain and bone tissues of a sheep, and fat and skin from a chicken. Measurement and simulation results are in a good agreement and validate the proposed antenna design methodology and biological tissue modeling. We investigated the maximum allowable transmitted power with respect to ANSI limitations. We also simulated and measured the biological channel overall link effect on pulse transmission and reception. Finally, in order to compare the designed antennas for near-field biological applications, a figure of merit has been suggested.
APPENDIX I
The geometrical parameters of the antennas are defined in Fig. 13 and presented in Table III .
APPENDIX II
The following is a summary of our simulation in HFSS. Our excitation port was defined to include the effects of the transition from the SMA connector to the antenna. We modeled the 50-ohm SMA connector in HFSS and the port is defined as a lumped port. To model the metal, the metal thickness is set to and the type to copper. HFSS explicitly calculates the current distribution inside the metal to yield volumetric conductor losses. Note that the "solve inside" option was alternatively employed and yielded identical results for the losses (identical ). Results were generated using discrete frequency sweeps. The frequency setting was 3 GHz for solving the mesh. Trial and error yielded six as the appropriate number of passes to achieve acceptable Max. Mag. Delta S of around .005. A second simulation was run for 6 GHz around the center frequency and identical results were obtained, validating the 3 GHz choice.
